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An individual’s early-life environment or phenotype frequently influence its adult traits. 
Recently, scientists have begun to examine carry-over effects, how factors at one life stage can 
impact an individual’s performance in the following stages, to better understand how factors 
during development impact adult phenotypes. Carry-over effects are especially important to 
study in organisms with complex life cycles since these often undergo dramatic tissue 
reorganization that have the possibility of uncoupling and resetting early life experiences.  Here I 
examine carry-over effects on a resource polymorphic species to better understand how early life 
phenotype and environment carry over across life stages. Using spadefoot toads as the model 
system, I examine in Chapter II whether environment- or phenotype-dependent ‘carry-over 
effects’, respectively, are associated with alternative, environmentally induced, phenotypes. I ask 
whether carry-over effects are evident in terms of size and timing to metamorphosis, size and 
timing to sexual maturity and survival differences. I find that pond environment is the larger 
predictor of carry-over effects. Larval morphotype has important impacts in terms of timing to 
metamorphosis and sexual maturity. In Chapter III, I evaluate whether there are behavioral 
differences carried over post-metamorphosis. I evaluate foraging behavior in particular since, 
post-metamorphosis, spadefoot toads converge on diet, so I would not expect toads to differ 
when trying to capture the same food items. Interestingly, I found that toads who were 
previously the carnivorous morphotype were more efficient foragers and consumed more prey 
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items. Finally, in Chapter IV, I examine whether resource polymorphisms at the larval stage are 
accompanied by anatomical differences, and if these persist to adulthood. Any anatomical 
differences could be indicative of physiological differences in how resources are used and stored. 
I found that carnivore and omnivores differ in liver sizes and these differences are still present at 
the juvenile stage and in wild caught populations. Together my research shows that there are 
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CHAPTER I: GENERAL INTRODUCTION 
 
A central goal in evolutionary biology is to understand the mechanisms that lead to 
phenotypic change, both within and between generations. Complex and heterogeneous 
environments constantly influence an organism’s phenotype as they grow and develop. 
Consequently, variation in the quality of natal habitats across landscapes and through time can 
lead to performance differences of adult phenotypes. Studies focusing on carry-over effects 
(COE) aim to understand the lingering effects of past environments on future fitness. In an 
ecological context, carry-over effects arise in scenarios where an individual’s previous 
experiences help explain their current and future performance (O'Connor, Norris, Crossin & 
Cooke, 2014). To understand the role of natal experiences on adult phenotype, it is necessary to 
track individuals across life-history stages and through complex spatial and temporal landscapes 
(Harrison, Blount, Inger, Norris & Bearhop, 2011). Carry-over effects of early life experiences 
are ubiquitous throughout nature and can significantly alter organismal lifetime fitness, behavior 
and physiology, including plants (Oksanen & Saleem, 1999), to invertebrates (Ituarte, Vázquez, 
González-Sagrario & Spivak, 2014), and many vertebrates (Fish: Auer, Lopez-Sepulcre, 
Heatherly, Kohler, Bassar, Thomas & Reznick, 2012; Reptiles: Ceriani, Roth, Tucker, Evans, 
Addison, Sasso, Ehrhart & Weishampel, 2015; Birds: Firth & Sheldon, 2016; Mammals: 
Sanderson, Young, Hodge, Kyabulima, Walker & Cant, 2014; Amphibians: Tarvin, Silva 
Bermúdez, Briggs & Warkentin, 2015).  
In polymorphic organisms, alternative morphs can differ in fitness and survival because 




during ontogeny. Hence, the magnitude and direction of COEs among polymorphs can vary 
because of differences in responsiveness to environmental stressors or as a result of variation in 
the availability and use of resources (Zandonà, Auer, Kilham, Howard, López-Sepulcre, 
O’Connor, Bassar, Osorio, Pringle & Reznick, 2011). Polymorphs in variable environments can 
then differ in their long-term ability to grow, reproduce, and survive depending on the 
developmental context. Exploring carry-over effect differences among polymorphs in detail can 
help uncover the dynamics that ultimately shape populations.  
One of the most drastic manifestations of polymorphisms occurs in organisms that 
produce resource polyphenic individuals (ecomorphs) (Mayr, 1963).  Ecomorphs, in order to 
alleviate intraspecific competition, often exploit alternative resources and diverge in the 
phenotype required for the acquisition and assimilation of such resources (Skulason & Smith, 
1995). Ecomorphs thus encounter trade-offs whereby one morph might excel on one resource at 
the cost of being less competitive for the other (Paull, Martin & Pfennig, 2012; Scharnweber, 
Strandberg, Marklund & Eklöv, 2016). Diet quality changes can concomitantly affect 
developmental times and morphological traits (Wissinger, Steinmetz, Alexander & Brown, 2004) 
such that each morph type is favored across different environmental contexts, depending on the 
availability and reliability of the inducing cue (Martin & Pfennig, 2010; Pfennig, 1992; Pfennig, 
Mabry & Orange, 1991). Such trade-offs are ubiquitous throughout nature, and often form the 
basis of compelling research for their role in shaping multi-trait evolution, and population 
dynamics (Svanback & Persson, 2004); yet, further examination is needed to fully uncover the 
long-term consequences of those trade-offs across life stages.  
Integrating individuals of differing life-history traits may shape population dynamics. 




stages (Reznick, Bryga & Endler, 1990). These stages include, but are not limited to: birth, 
sexual maturation and death. Studies of life-history traits often measure how individuals differ, 
such as in timing to organism specific life stages, size when reaching such stages, investment in 
offspring size and number, and survival, among other traits (Reznick et al., 1990). Life-history 
strategy differences originate from variation in competition, predation, and availability of 
resources (Reznick et al., 1990; Reznick, Butler, Rodd & Ross, 1996). When conditions from 
previous stages influence life-history traits, the earlier factors are recognized as having ‘carry-
over effects’. In organisms with complex life cycles, each developmental stage presents new 
challenges, be it intrinsic or extrinsic, that may exacerbate or ameliorate carried-over differences.  
Behavioral carry-over effects also occur when it can be established that an organism’s 
current behavior can be linked to factors experienced at earlier stages. Behaviors can be expected 
to carry-over if mechanisms underlying behaviors do not change between developmental stages 
(Bell, 2005; van Oers, de Jong, Drent & van Noordwijk, 2004). However, development is a 
complex process where individuals not only grow in size, but sometimes undergo drastic somatic 
reorganizations, as seen in metamorphosing species that undergo permanent changes in 
morphology and physiology. In these instances, behavioral correlations may decouple if the 
underlying proximate mechanisms become disrupted (Moran, 1994). Extrinsic factors, like those 
experienced when there is a shift in occupied ecological niches, may also uncouple correlated 
behaviors during development, with new selective pressures favoring different behavioral traits 
from those expressed in early life (Brodin, 2009; Sih, Bell, Johnson & Ziemba, 2004). Resource 
polyphenic species are ideal for studying behavioral carry-over effects because ecomorphs may 
use similar strategies for extraction and assimilation of shared resources. Carried-over 




on the later performance of individuals. Thus, exploring the effects of alternative strategies in 
detail can help uncover the dynamics that ultimately shape populations.  
Resource polyphenisms are generally thought to arise as a consequence of natural 
selection favoring those individuals that are best able to compete for and acquire resources 
(Pfennig, Wund, Snell-Rood, Cruickshank, Schlichting & Moczek, 2010; Skulason & Smith, 
1995).  Yet, specialization on alternative resources can also generate differences in the 
underlying physiology involved in metabolizing and storing those alternative resources. 
Moreover, physiological differences at the developmental stage that impact condition and energy 
use could have effects on fitness and performance later in development (Warne & Crespi, 2015). 
Indeed, alternative resource polymorphs might require differences in how those resources are 
used within the organism, which could for the basis for fitness and performance differences in 
subsequent stages. Yet, despite the potential importance physiological differences between 
ecomorphs might play in mediating carry-over effects, few studies have examined whether and 
how exploitation of alternative resources leads to different physiological adaptive responses.  
Resource polyphenisms and their carry-over effects provide a unique perspective from 
which to explore drastic morphological responses within single generations. To investigate the 
relationship between developmental plasticity and carry-over effects, I focus my dissertation 
research on the desert dwelling, spadefoot toads, Spea multiplicata, which occur in the 
southwestern US and Mexico. In this demanding habitat, conditions are harsh and reproduction 
is limited to 1-2 months during the summer. Spea reproduce once during the season when 
monsoon rains fill ephemeral ponds. Females lay their eggs, which develop into one of two 
discrete morphs: a carnivorous specialist and an omnivorous generalist. Depending on their diet, 




consumes organic detritus, and small invertebrates, or a ‘carnivore’ ecomorph, that specializes 
on fairy shrimp and other tadpoles. Spea tadpoles express a suite of unique, complex 
morphological traits that distinguish the two ecomorphs: if enough shrimp and tadpoles are 
ingested, the tadpole develops into a carnivore with large jaw muscles and serrated beaks; if not, 
the tadpole defaults to the rounder-bodied omnivore ecomorph. Carnivorous tadpoles develop 
faster while omnivorous tadpoles prolong development in favor of accruing more resources prior 
to metamorphosis. Since carnivores develop faster, they have a higher emergence and survival 
rate when ponds are short lasting but, when ponds have a long duration, omnivores are favored. 
This trade-off most likely exists because as pond longevity increases, carnivorous food items are 
depleted and diluted without being replenished.  Meanwhile, in long-lasting ponds, omnivores 
are favored.  
In Chapter II of this dissertation I evaluate the impact of carry-over effects in spadefoot 
toads of each resource polyphenism post-metamorphosis. I measure whether toads differ in size 
and timing to metamorphosis, size and timing to sexual maturity, and finally, survival. 
Additionally, since developmental background may affect an ecomorphs’ performance, it is 
important to evaluate whether the patterns of carry-over effects are pervasive throughout all 
contexts. The two contexts explored are ponds of varying hydroperiod: a short-lasting pond and a 
long-lasting pond.  
In Chapter III, I test whether resource-use behaviors post-metamorphosis consistently 
differ in individuals who, prior to metamorphosis, expressed different resource polyphenism. 
Foraging behaviors carried-over from the larval stage may help explain if and why differences in 
initial size post-metamorphosis could potentially be erased during the juvenile phase and into the 




Finally, in chapter IV, I evaluate whether during development, resource polyphenic 
individuals undergo notable somatic changes that could contribute to life-history and behavioral 
carry-over effects seen later in life (Chapter II and III). I measured organ sizes in tadpoles, 
metamorphs, and wild caught adults and reasoned that, if ecomorphs use different physiological 
processes for metabolizing and storing consumed resources, then these may be reflected in the 
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ENVIRONMENTAL VARIATION IMPACTS THE MAGNITUDE OF CARRY-OVER 
EFFECTS ASSOCIATED WITH ALTERNATIVE PHENOTYPES 
 
Co-authors: Ryan A. Martin, David W. Pfennig 
 
Introduction 
Organisms experience their environments in a sequential manner, and the conditions an 
organism encounters at different stages of its life cycle can potentially have long-lasting fitness 
consequences. This is likely to be especially true for organisms with complex life cycles that 
undergo metamorphosis. Although metamorphosis has traditionally been regarded as a disruptive 
event that uncouples two distinct stages from one another (Moran, 1994; Wilbur, 1980), there is 
growing awareness of strong connections between larval and post-metamorphic phenotypes with 
organisms rarely resetting between life stages. Thus, the environment experienced early in life 
commonly affects performance in parts of the life cycle long after the environment was 
encountered (O'Connor, Norris, Crossin & Cooke, 2014; Pfennig, Wund, Snell-Rood, 
Cruickshank, Schlichting & Moczek, 2010; West-Eberhard, 2003). Because these ‘carryover 
effects’ can strongly influence an organism’s survival and reproduction in new environments and 
later life stages (Dananay et al. 2015; Moore et al. 2015), they have the potential to limit or 
intensify the effects of natural selection in previous life stages. Yet, despite this capacity for 
carryover effects to impact lifetime fitness, their evolutionary consequences remain largely 





A context in which carryover effects might be especially important is when the 
environment directly alters an organism’s phenotype; i.e., in organisms that display conspicuous 
phenotypic plasticity. Among the most dramatic examples of plasticity are species that exhibit 
‘alternative phenotypes’––distinct phenotypes produced in the same sex, life stage, and 
population (West-Eberhard, 1986; West-Eberhard, 1989; West-Eberhard, 2003).  Examples 
include heterophylly (alternative leaf forms) in plants (Lloyd, 1984; Wells & Pigliucci, 2000), 
castes in social insects (Wilson, 1971), mating polymorphisms (Gross, 1996; Shuster & Wade, 
2003), and resource polymorphisms (Smith & Skúlason, 1996). These phenotypic alternatives 
have long fascinated evolutionary biologists for many reasons, especially since they have been 
proposed to represent a key phase in major, lineage-specific innovations (West-Eberhard, 1986; 
West-Eberhard, 1989; West-Eberhard, 2003).  According to this idea, if alternative phenotypes 
are subject to independent selection and act as separate modules (developmentally and 
functionally), then their occurrence could permit the elaboration of an entirely novel phenotype 
without elimination of an established one (West-Eberhard, 1986; West-Eberhard, 1989; West-
Eberhard, 2003). However, the degree to which there is such an uncoupling of selection acting 
between alternative phenotypes is unclear. 
Another issue requiring clarification is how alternative phenotypes are maintained in 
evolution; in other words, how individuals who are distinct in terms of morphology, physiology 
and behavior remain in a population. Longstanding theory suggests that alternative phenotypes 
can be maintained evolutionarily if there are functional trade-offs associated with these 
phenotypic alternatives (Levene, 1953; Levins, 1968; Maynard Smith, 1962). For example, 
among the most common forms of alternative phenotypes are resource polymorphisms (i.e. 




differential resource use (sensu Skulason & Smith, 1995; Smith & Skúlason, 1996). Resource 
polymorphisms are thought to represent adaptations for utilizing alternative resources, because 
the morphological, physiological, and/or behavioral traits required to utilize one resource often 
preclude use of different resources (Benkman, 1996; Bolnick, Svanback, Fordyce, Yang, Davis, 
Hulsey & Forister, 2003; Ellerby & Gerry, 2011; Martin & Pfennig, 2009; Robinson, Wilson & 
Shea, 1996). Hence, an ecomorph may encounter trade-offs whereby one morph specializes on a 
narrowing breadth of resources at the cost of being less competitive for other resources (Bolnick, 
Svanbäck, Yang, Davis, Hulsey & Forister, 2003). Incidentally, depending on the availability 
and reliability of the inducing cue, changes in diet quality can affect developmental times and 
morphological traits such that each resource polyphenism is favored across different 
environmental contexts and dietary resources (Jablonka et al., 1995). Consequently, compared to 
a generalist ecomorph in the same population, resource specialists may suffer lower fitness if 
their resource suddenly becomes scarce (Terraube, Arroyo, Madders & Mougeot, 2011). Thus, 
the interplay between resource polymorphisms and the environments in which they occur is of 
vital interest when exploring the potential life-long impacts of carry-over effects.  
It is not well understood, however, what happens when alternative phenotypes occurring 
early in life later on converge on a single phenotype. For example, many invertebrates and 
amphibians have evolved complex life histories, where individuals pass from a juvenile (non-
reproductive) stage to an adult (reproductive) stage by way of drastic morphological changes. In 
some of these cases, juvenile and adult stages are both morphologically distinct and occupy 
different habitats throughout those different stages. However, even after losing the traits 
distinguishing resource polymorphic individuals, their ontological past could manifest itself in 




Marler, Winchell & Dingle, 2006). Elucidating the relationship between ontological resource 
polymorphisms and adult phenotype is essential for a better understanding of any potential carry-
over. I focus on organisms where the inducing cue is naturally removed due to ontogenic niche 
shits, dispersal or migration.  
In Spea, alternative carnivore and omnivore morphs are maintained in many populations 
by frequency-dependent disruptive selection, in which competitively mediated selection favors 
the rarer morph (Martin & Pfennig, 2009). Depending on their diet, Spea tadpoles develop into 
either an ‘omnivore’ ecomorph, which eats plants, organic detritus, and small invertebrates, or a 
‘carnivore’ ecomorph, which specializes on fairy shrimp and other tadpoles (Paull, Martin & 
Pfennig, 2012; Pfennig, 1990; Pomeroy, 1981) and which expresses a suite of unique, complex 
morphological traits (Pfennig, 1992). Omnivores are the default morph; carnivores are induced 
when a young omnivore eats shrimp or other tadpoles (Levis, de la Serna Buzon & Pfennig, 
2015; Pfennig, 1990; Pomeroy, 1981). Previous work has also suggested that carnivores are 
favored in rapidly drying ponds because they develop faster, whereas omnivores are favored in 
more slowly drying ponds because they can access a wider range of resources and thus suffer 
reduced intra-morph competition (Pfennig, Mabry & Orange, 1991). However, whether these 
two morphs differ in life history traits as adults, i.e., whether there are any ‘carry-over effects’ 
associated with these morphs, is unclear.  
I sampled carnivore and omnivore tadpoles from two different ponds, each representing 
two different selective environments that a single population of Spea commonly experience 
during ontogeny. Specifically, one pond was moderate-sized and filled once, lasting for more 
than a month. The other pond was initially small (rapidly drying), before subsequently refilling, 




differential rates of development in the tadpoles to metamorphose, slowly and rapidly 
respectively.  I reared these field-collected carnivores and omnivores to maturation (i.e., sexual 
maturity) under uniformly favorable conditions in the lab to determine if any systematic 
differences between morphs exist in size and age at metamorphosis, size and age at sexual 
maturation, and survival. Identifying carry-over effects of an individuals’ phenotype across 
distinct environments and physiological demands is important for understanding their influence 
on life-history traits. This has significant implications for every taxa of life, as environment and 
resource availability are unlikely to remain homogenous throughout lifetime. Notwithstanding 
environmental changes/fluctuations, resource polymorphisms on their own can have notable 
physiological effects on an organism that impact life-history traits. However, little is known 
about how variable environments affect resource polymorphic individual’s life history traits.   
 
Materials and methods 
Field collections 
In the summer of 2016, I collected from two ponds near the Southwestern Research 
Station in Portal, Arizona (coordinates Horseshoe: 31.9389, -109.0864, PO2-N: 31.9142, -
109.0836; 1.72 miles from each other that generally do not differ ecologically from one another) 
where Spea multiplicata bred on July 2nd after a monsoon rain. Eggs hatched and tadpoles 
emerged in both ponds on July 4th. Tadpoles were left in their native ponds until close to 
metamorphosis so they could experience their native tadpole environment throughout larval 
development and develop as carnivore or omnivore ecomorphs naturally. When they approached 
the later developmental stages, carnivores and omnivores were collected and moved to 5-foot 




remained for three days before being shipped to the University of North Carolina. Horseshoe 
tadpoles developed faster (see results) and were thus collected on July 26th, eighteen days after 
hatching, while PO2-N tadpoles took longer to develop and were collected on July 30th, 26 days 
after hatching. Tadpoles in wading pools were separated according to ecomorph type, carnivores 
were fed fairy shrimp and omnivores were fed detritus.  It was necessary to collect them as 
tadpoles since after metamorphosis toads converge on phenotype and diet and are 
indistinguishable from one another.  
As noted above, tadpoles from PO2-N took longer to reach the later stages of 
development. This was potentially caused by a secondary rain event, which often affects natural 
developmental patterns of carnivores and omnivores. An increase in pond size can be 
disadvantageous for the carnivore ecomorph since their food source (shrimp and other smaller 
tadpoles) becomes diluted, thus cuing carnivores to metamorphose earlier and at smaller sizes to 
escape an environment of dwindling resources. Omnivores on the other hand, prolong the larval 
stage since an increase in pond size increases the surface area of the pond, generally expanding 
resources (detritus) and accrue more resources and achieve larger size prior to metamorphosis. I 
chose these two ponds for collection in order to compare differences in carry-over effects 
between the two types of ecomorphs across and among ponds where different ecomorphs were 




Though some animals underwent metamorphosis in transit, other animals arrived to the 




detritus made up of ground up fish food (Hikari Cichlid Staple Floating Pellets for Pets) and 
brine shrimp ad libitum. Individuals from each population and ecomorph were maintained 
separately from one another.  
 
Toad rearing 
Upon emergence of front limbs, tadpoles were moved to a ‘beach’ box consisting of sand 
in an incline on the distal side of the cage. Water was added so metamorphs could be fully 
submerged but sufficient sand was above water for the metamorph to be able to rest. Animals in 
the beach boxes were not fed as the reabsorption of their tails provides the necessary energy and 
nutrients. Once resting on the sand, animals were moved to small cages with moist paper towels 
in groups of 1 to 3 individuals and fed gut-loaded crickets dusted with vitamins (Herptivite with 
beta carotene Multivitamin for reptiles and amphibians) and calcium (Flukers) ad libitum every 
other day. After six weeks, toads were moved to larger plastic terraria (11.9 x 7.8 x 8.1 inches) 
containing a moistened play sand substrate. After the initial six weeks, toads resting on top of the 
sand were fed dusted crickets twice a week and every other week they were additionally dug out 
of the sand and fed dusted crickets. Terraria were assigned to randomized locations on shelving 
in an ambient temperature and humidity room with lights on in a reversed cycle from 2000h to 
0800h. Cages with new sand were changed every two months. Toads were dug out of the sand 
once a week to feed and every four weeks their mass and snout-vent length (SVL) was recorded. 







Growth, timing to metamorphosis and sexual maturity and survival 
I measured size as the snout-vent-length (SVL) in the two discrete morphs at the time of 
metamorphosis, again after every three months and at the time of sexual maturity. Here 
metamorphosis is marked as the moment where an individual’s tail is reabsorbed. Sexual 
maturity was determined by the presence of sexual traits such as nuptial pads in males and 
presence of eggs in the abdomen of females. Any deaths were recorded as they occurred.  I 
assessed whether body size at metamorphosis is influenced by the larval pond environment of the 
larval morphotype by using a linear model that included population and morphotype and an 
interaction for these two as fixed effects. I again looked at body size at the onset of sexual 
maturity and if there were any carry-over effects from pond environment and larval morphotype 
and if differences existed among individuals of different sex. I evaluated how time to 
metamorphosis was influenced by the larval pond environment or by larval morphotype by using 
a generalized linear model with a negative binomial distribution to account for over dispersion. I 
next evaluated whether age at sexual maturity was influenced by larval pond environment or by 
larval morphotype or sex using a linear model. Finally, I looked at how survival throughout the 
period observed (14-months) was influenced by pond or morphotype. I assessed survivorship by 
a parametric survival analysis following a Weibull distribution with population of origin and 










Is body size at metamorphosis influenced by the larval pond environment or by larval 
morphotype? 
Directly after metamorphosis, body-length was different between pond environment 
(F3,482 = 49.94, P < 0.001), but not different among ecomorphs (F3,482 = 0.08, P = 0.782). There 
was a significant interaction between pond environment and larval morphotype (F3.482 = 7.61, P = 
0.006; table 2.1), with Horseshoe individuals being larger than PO2-N overall, suggesting that 
ecomorph types reacted differently depending on pond of origin. I tested the differences between 
morphs in each pond using a Tukey’s HSD post-hoc test which showed each group emerged at 
different lengths, carnivores were larger compared to omnivores in Horseshoe but in PO-2N 
carnivores were smaller than omnivores (mean ± se: HS carnivore = 21.12 ± 0.16mm, HS 
omnivore = 20.66 ± 0.20mm, Tukey HSD HS O – C: t-ratio = 1.964, P = 0.050; PO2-N 
carnivore = 19.23 ± 0.16mm, PO2N omnivore = 19.79 ± 0.12, PO2-N O – C: t-ratio = -1.956, P 
= 0.051; figure 2.1a).  
 
Is time to metamorphosis influenced by the larval pond environment or by larval morphotype? 
I estimated the age at metamorphosis for each larval morphotype from each pond 
environment by counting the number of days from pond filling until emergence of a front limb. 
Age at metamorphosis was significantly different among ecomorphs (2 3,482 = 130.38, P < 
0.001) and among populations (2 3,482 = 304.22, P < 0.001) with a significant interaction 
between population of origin and tadpole ecomorph type (23,482 = 61.97, P < 0.001; table 2.2). 
Within populations, Horseshoe carnivores metamorphosed more quickly than omnivores (mean 




O: z-value = -13.51, P < 0.001), while in PO2-N individuals did not significantly differ in their 
timing to metamorphosis (PO2-N carnivore = 36.82 ± 0.64 days, PO2-N omnivore = 38.76 ± 
0.46 days, Tukey HSD PO2-N C – O: z-value = -2.17, P = 0.030; figure 2.2).  
 
Is size at sexual maturity influenced by the larval pond environment or by larval morphotype? 
When toads from each population reached sexual maturity, they did so at different sizes 
(F7,72 = 13.86, P < 0.001; table 2.3).  Horseshoe individuals were larger. However, larval 
morphotypes did not differ in size at sexual maturity (F7,72 = 0.01, P = 0.911; table 2.3). 
Horseshoe carnivores and omnivores do not differ in size (mean ± se: HS carnivore = 43.69 ± 
0.54 mm, HS omnivore = 43.64 ± 0.55 mm, Tukey HSD HS C – O: t-ratio = 0.22, P = 0.826), 
and in PO2-N individuals did not significantly differ in their size at sexual maturity (PO2-N 
carnivore = 40.71 ± 0.63 mm, PO2-N omnivore = 41.17 ± 0.82 mm, Tukey HSD PO2-N C – O: 
t-ratio = -0.331, P = 0.741; figure 2.1b). Individuals of different sexes also did not appear to 
differ in size reached at the onset of sexual maturity (F7,72 = 0.001, P = 0.992). Additionally, 
there are hints of sex by morph interactions but I have very limited power to test this and the 
effects are not significant (F7,72 = 3.76, P = 0.056).  
 
Is age at sexual maturity influenced by the larval pond environment or by larval morphotype or 
sex? 
Toads originating from each of the populations reached sexual maturity at different times 
(F7,72 = 12.48, P < 0.001; table 2.4), with those from Horseshoe maturing an average of 92 days 
earlier. Overall, toads who developed as different ecomorphs did not differ in time to sexual 




sexual maturity (F7,72 = 1.59, P = 0.210389; table 2.4). A post-hoc analysis of ecomorphs within 
each population revealed no significant difference between time to sexual maturity for each 
morph (mean ± se: HS carnivore = 304.95 ± 16.27 days, HS omnivore = 345.00 ± 17.79 days, 
Tukey HSD HS O – C: t-ratio = -1.485, P = 0.141; PO2-N carnivore = 389.30 ± 31.71 days, 
PO2N omnivore = 438.36 ± 29.62 days, PO2-N O – C: t-ratio = 0.733, P = 0.466; table 2.5). 
 
Is survival influenced by pond or morphotype? 
Survival rate was best estimated using a Weibull distribution with a constant shape and 
scale parameter. Survival significantly differed between populations (23,492 = 25.52, P < 0.001; 
table 2.6), but not among morphs (23,492 = 0.82, P = 0.367; table 2.6), but there was a significant 
interaction between population and larval morphotypes (23,492 = 7.87, P = 0.005; table 2.6). 
Within populations, Tukey HSD showed that in Horseshoe, carnivores had a significantly higher 
survival (t-ratio = 2.55, P = 0.011; figure 2.3), while in PO2-N there was no difference in 
survivorship between the two morphotypes (t-ratio = -1.38, P = 0.167; figure 2.3).    
 
Discussion 
Here, I show how certain life-history traits are carried over from either larval 
environment and/or larval resource polymorphisms. My study reveals that: (1) immediately after 
metamorphosis, larval pond environment had a large effect on size at metamorphosis, but larval 
morphotype had a marginal effect. Both larval pond environment and larval morphotype had an 
influence on timing to metamorphosis. (2) Upon reaching sexual maturity, larval pond 




(3) both larval environment and larval morphotype affected post-metamorphic survival, though 
larval morphotype’s effect was marginal. 
In short duration ponds, recently (1) metamorphosed carnivores were larger and 
metamorphosed earlier than omnivores, thereby giving them an advantage in a rapidly drying 
pond. In the slow drying ponds however, the pattern is reversed and omnivores were marginally 
larger than carnivores. Throughout this study, pond hydroperiod had a notable effect in all 
variables tested. In ephemeral pond systems, pond drying is not always a static process; 
secondary rain events or even flooding can refill ponds at any time. Unpredictable changes in 
environments are important factors to evaluate when exploring carry-over effects of resource 
polymorphic organisms as sudden and drastic changes can influence resource abundance 
(Denoel, 2006; Terraube et al., 2011). Lengthening the hydroperiod through refilling events can 
increase pond volume and surface area, thus extending the time organisms spend in their aquatic 
stages, allowing for the acquisition of more resources. Nevertheless, pond refilling can also have 
a negative effect as it can lead to dilution of a non-replenishable food source or even the addition 
of more or new competitors (Pintar & Resetarits, 2018).  
Once individuals reached sexual maturity, (2) I again evaluated whether there were any 
size and timing carry-over effects from larval experiences. I found that individuals from the 
rapidly drying pond reached sexual maturity at larger sizes and sooner than those of the slowly 
drying pond. I found no evidence that these morphs differ intrinsically in adult size or timing to 
sexual maturity; i.e., there were no long-term size carry-over effects associated with being a 
carnivore or an omnivore.  There were indications that within each morphotype, individuals of 
different sexes may reach sexual maturity at different sizes, but the sample size is too small to 




toads can vary because of differences in responsiveness to environmental stressors or simply as a 
result of variation in the availability resources within each pond. It is notable that I did not detect 
any carry-over effects of resource polymorphisms at sexual maturity. This could indicate that 
there is growth rate plasticity post-metamorphosis that differs among morph types, such that any 
initial differences in size are attenuated by the time each morphotype reaches reproductive 
maturity. Such plasticity likely allows organisms to adjust growth rates to maximize future 
reproductive fitness, especially in species with indeterminant growth, as is the case with Spea. 
Hence, environmental stressors or poor resource quality early in life can suppress growth rates, 
but if environmental conditions improve, individuals can exhibit compensatory growth rate in 
which smaller individuals make up for poor conditions during ontogeny by growing faster 
(Hector & Nakagawa, 2012; Radder, Warner & Shine, 2007; Stoks & Cordoba-Aguilar, 2012; 
Tarvin, Silva Bermúdez, Briggs & Warkentin, 2015). This is especially important in organisms 
such as anurans where size at reproduction is correlated with mating success and/or fecundity.  
Additionally, toads from the fast-drying pond matured faster than those from the slow 
drying pond. Individuals who mature faster may have increased fitness from increased 
opportunities to reproduce and thus have a higher reproductive output than those who take longer 
to mature. Differences in timing can have important implications for population composition 
(Rodd & Reznick, 1997).  
Survival throughout the study period was mostly influenced by larval pond environment, 
though larval morphotype had a marginal effect. The rapidly drying pond had higher survival 
than the slow drying pond. Within the rapidly drying pond, carnivores had a higher survival than 
omnivores. Finally, although carnivores had higher adult survival than omnivores when derived 




derived from the slowly drying (double-filling) pond. Results here suggest that both larval pond 
environment and larval morphotype can influence carry-over effects in Spea multiplicata toads. 
However, more work is required to establish how pervasive these results are across other 
populations.  
Despite there being some intrinsic morph-specific differences in the measured life-history 
traits, there were consistent––and pronounced––differences in all of the five life-history traits 
between the two different pond environments. Indeed, overall, individuals derived from the 
large-sized (double filling) pond had lower fitness than individuals derived from the moderate-
sized (single filling) pond. Specifically, individuals derived from the large-sized (double filling) 
pond, took longer to reach both metamorphosis and maturation, were smaller at both 
metamorphosis and maturation, and were less likely to survive as adults. 
Thus, my results suggest that life-history trade-offs, by themselves, cannot account for 
the maintenance of alternative phenotypes. Instead, environmental variation was of paramount 
importance. Generally, environmental variation, especially when unpredictable, may be more 
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Figure 2.1. Size at (a) metamorphosis and (b) sexual maturity for carnivores and omnivores from 












Figure 2.2. Age ftom hatching to metamorphosis for carnivores and omnivores from Horseshoe 







Figure 2.3. Kaplan Meier survival curves with 90% confidence intervals for (a) carnivores and 
omnivores from Horseshoe pond, (b) carnivores and omnivores from Horseshoe pond PO2-N 











Factor df F-value p-value 
Population 1,482 49.941 <0.001 
Larval morphotype 1,482 0.077 0.782 
Population*larval morphotype 1,482 7.605 0.006 
Table 2.1. Results from linear model testing effects of population and larval morphotype on size 




Factor df 2 P-value 
Population 1,484 304.221 <0.001 
Larval morphotype 1,483 130.379 <0.001 
Population*larval 
morphotype 
1,482 61.974 <0.001 
Table 2.2. Results from generalized linear model testing effects of population and larval 
morphotype on age at metamorphosis in Spea multiplicata toads. Significance indicated in bold.  
 
 
Factor df F-value P-value 
Population 1,72 13.859 <0.001 
Larval morphotype 1,72 0.013 0.911 
Sex 1,72 0.001 0.992 
Population*larval morphotype 1,72 0.153 0.697 
Population*sex 1,72 0.037 0.847 
Larval morphotype*sex 1,72 3.762 0.056 
Population*larval 
morphotype*sex 
1,72 0.017 0.898 
Table 2.3. Results from the linear model testing population, larval morphotype, and sex on size 
at sexual maturity in Spea multiplicata. Significance indicated in bold.   
 
 
Factor df F-value P-value 
Population 1,72 12.748 <0.001 
Larval morphotype 1,72 3.148 0.080 
Sex 1,72 1.595 0.210 
Population*larval morphotype 1.72 0.009 0.925 
Population*sex 1,72 0.460 0.652 
Larval morphotype*sex 1,72 0.688 0.409 
Population*larval 
morphotype*sex 
1,72 1.294 0.259 
Table 2.4. Results from the linear model testing population, larval morphotype, and sex on size 






Population Morph N Mean (days) ± SE 
Horseshoe Carnivore 37 304.96 16.262 
Horseshoe Omnivore 29 345.00 17.794 
PO-2N Carnivore 10 392.30 31.707 
PO-2N Omnivore 11 438.36 29.622 
Table 2.5. Raw mean and standard errors of Horseshoe and PO-2N carnivore and omnivore 
linear model of age at sexual maturity.  
 
Factor df,  2 P-value 
Population 1,492 25.516 <0.001 
Larval morphotype 1,492 0.815 0.367 
Population x larval 
morphotype 
1,492 7.868 0.005 
Table 2.6. Results from survival model with Weibull distribution testing population and larval 







A TADPOLE’S DIET PREDICTS ITS FORAGING BEHAVIOR AS A JUVENILE TOAD 
Co-Authors: Spencer J. Ingley, Karin S. Pfennig 
Introduction 
Foraging involves behaviors that enable organisms to successfully acquire and consume 
resources. Because resource acquisition has consequences for fitness, behaviors that impact 
foraging success are potentially under strong selection. Moreover, the expression of those 
behaviors is expected to vary according to the individual’s state in order to optimize resource 
acquisition in a given situation or habitat (Macarthur & Pianka, 1966). Indeed, resource use is 
not always constant throughout an organism’s lifetime and foraging strategy can fluctuate as an 
organism grows, or as nutritional requirements and resource availability change. For example, as 
individuals grow, they may have reduced mechanical limitations, and as a result, diet constraints 
may relax and prey handling improves (Arim, Abades, Laufer, Loureiro & Marquet, 2010; 
Toscano & Griffen, 2012; Werner & Gilliam, 1984). In other cases, diets may shift altogether as 
individuals enter new environments or life stages. Environmental and physiological changes 
occur throughout the life of most organisms. But whether behaviors that facilitate the acquisition 
or consumption of resources remains constant across life stages is not well studied (Toscano, 
Gownaris, Heerhartz & Monaco, 2016).  
Foraging behavior may be impacted by several factors that vary among individuals such 




active (Bolnick, Svanback, Fordyce, Yang, Davis, Hulsey & Forister, 2003). Larger individuals 
require a larger caloric intake to maintain size, and may consume more or larger prey items or 
may spend more time foraging (Dingeldein & White, 2016; Werner & Anholt, 1993). In bluegill 
sunfish, both searching ability and prey handling efficiency increase with size (Mittlebach, 
1981). Alternatively, smaller individuals may forage more in order to sustain high, early growth 
rates (Levri & Lively, 1996; Werner & Anholt, 1993). Individual foraging behavior can also be 
impacted by condition, measured as an individual’s mass for a given body size. Individuals who 
are in greater condition may be more successful foragers as they have more energy available to 
expend on food search and capture (Dingeldein & White, 2016), as opposed to an individual who 
is in poor condition, and any failed attempt at capture and consumption could have costly 
consequences (Booth & Beretta, 2004; Dingeldein & White, 2016). Foraging behavior may also 
be impacted by other aspects of behavior, such as activity, defined as general activity level in a 
familiar environment, or exploratory behavior, defined as activity in a novel environment (Reale, 
Reader, Sol, McDougall & Dingemanse, 2007). Individuals who tend to be more active in non-
foraging scenarios can also be better foragers because they may encounter more prey throughout 
their day (Brodin, 2009; Sweeney, Cusack, Armagost, O'Brien, Keiser & Pruitt, 2013; Werner & 
Anholt, 1993). Similarly, more exploratory individuals may encounter more (and more novel) 
prey, as they encounter novel patches with different prey communities (Exnerova, Svadova, 
Fucikova, Drent & Stys, 2010; Herborn, Macleod, Miles, Schofield, Alexander & Arnold, 2010).  
An individual’s size, condition, activity, and exploration may lead to differences in 
foraging behavior and success, and these factors may change throughout development. For 
instance, size and condition are dependent upon the current state of the individual and can 




over ontogenetic development in some species (Groothuis & Trillmich, 2011; Toscano et al., 
2016; Wilson & Krause, 2012b). Because these factors may interact with the more dynamic 
factors of size and condition, the effects of exploration and activity on foraging behavior 
throughout development is not altogether clear. Moreover, for species in which some 
components of foraging behavior are learned or experience-dependent, the outcome of predator-
prey interactions depends on both the dynamic behavioral feedback occurring during the 
encounter and the underlying behavioral type of each participant (McGhee, Pintor & Bell, 2013; 
Pruitt, Stachowicz & Sih, 2012; Sweeney et al., 2013; Toscano & Griffen, 2014). As an 
individual grows and changes or expands its diet, foraging behaviors can change in accordance 
with the novel prey’s behavior.  
Metamorphosing organisms are well-suited for examining the relationship between 
foraging behaviors and development as development often changes dietary requirements 
(Wilbur, 1980; Wilbur, 1997), and therefore, the optimal foraging behaviors suitable for a given 
stage. Environmentally dependent behavioral adaptations may be decoupled if the original 
conditions are no longer relevant or have become disrupted, e.g., when moving from an aquatic 
to a terrestrial setting (Brodin, 2009). To address these concerns, I focused on anurans because 
they are an ideal taxonomic group in which to study how foraging behavior carries-over through 
metamorphosis. Generally, throughout anurans, larval tadpoles develop in aquatic environments 
and are under selection to develop and transition into a terrestrial environment upon 
metamorphosis. Post-metamorphosis, adults inhabit a variety of terrestrial environments, and 
their ecology is primarily dedicated to growth, reproduction and dispersal.  
In an ecological context, carry-over effects arise in scenarios where an individual’s 




phenotype (Burton & Metcalfe, 2014; O'Connor, Norris, Crossin & Cooke, 2014). Behaviors that 
have been carried-over from one life stage to the next can either be selected for or against, 
dependent on the how past behaviors assist or hinder organisms across diverse ecological 
contexts (Brodin, 2009). Resource-use behaviors are expected to remain stable across life stages 
when the mechanisms underlying such behaviors remain consistent between developmental 
stages (Groothuis & Trillmich, 2011; Wilson & Krause, 2012a). Thus, carry-over effects can 
prime individuals for a continuation of past ecological or “life history” trends (Pechenik, Wendt 
& Jarrett, 1998). Although carry-over effects have been studied across changes in biotic (Firth & 
Sheldon, 2016) and abiotic (Kristensen, Johansson, Chisholm, Smith & Kokko, 2018) factors, 
there is much less known regarding the influence of carry-over effects across ontogenetic habitat 
shifts. 
I investigated whether toads who developed as two distinct morphs using different 
trophic diets (carnivore or omnivore) carry-over differences of their developmental past into the 
following life stage. I tested whether individuals differ in the following foraging behaviors: (1) 
foraging trial duration, (2) the amount of time it took individuals to detect and attempt to 
consume the first prey item, (3) the number of prey items consumed, (4) how many attempts it 
takes to capture a prey item, and the (5) trial fail rate. Together these measurements provide 
insight into an individual’s prey handling abilities and quantity of resources consumed. I further 
examine whether size, condition, activity or exploratory patterns between toads who developed 
using different trophic diets (carnivore or omnivore) could help explain any differences in 
foraging behavior.  Ultimately, I ask if toads who developed as one of the two morph types are 
better adapted for foraging demands at the toad stage.  Identifying individual differences in 




exhibits resource polyphenisms early in development, but later converges in ecology, diet, and 
morphology, is an especially powerful approach because it allows me to compare carry-over 




I focused on the Mexican Spadefoot toad, Spea multiplicata. Adults live in an arid 
terrestrial environment where they must spend 9 months of the year underground in order to 
avoid desiccation. The Mexican Spadefoot toad is capable of producing polyphenic tadpole 
ecomorphs that can either be generalists (i.e. omnivorous) or specialists (i.e. carnivorous). Each 
of these tadpole morphs is phenotypically distinct. Carnivore tadpoles are identifiable for their 
wide jaws, short gut and sharp serrated mouthparts that they use to feed on fairy shrimp and 
other tadpoles. Omnivorous tadpoles, on the other hand, have a rounder body shape, long gut, 
and smooth mouthparts, which they use to scrape detritus off the bottom of the temporary ponds 
(Pomeroy, 1981) . The behavior of these two ecomorphs in the pond is distinct as well. 
Carnivores are solitary and active on the pond surface, while omnivores tend to aggregate and 
dwell at the bottom of the pond (Pfennig & Murphy, 2000; Pfennig, Chunco & Lackey, 2007). 
After maturing to the adult form, these distinct developmental phenotypes disappear, and the 
toads converge in diet and morphology. 
 
Sample collections 
In the summer of 2016, I collected Spea multiplicata near Portal, Arizona. Tadpoles 




tadpole environment throughout larval development and develop as carnivore or omnivore 
ecomorphs naturally. When they approached later developmental stages, carnivores and 
omnivores were collected and moved to 5-foot diameter wading pools at the Southwestern 
Research Station (SWRS) in Portal, Arizona where they remained for three days before being 
shipped to the University of North Carolina at Chapel Hill. It was necessary to collect them as 
tadpoles since once they metamorphose toads converge on phenotype and diet and are visually 
indistinguishable from one another. Tadpoles in wading pools were separated according to 
ecomorph type, carnivores were fed fairy shrimp exclusively and omnivores were fed detritus.  
Upon arrival to the lab, larval tadpoles were housed in plastic aquaria in groups of twelve 
and fed detritus and brine shrimp ad libitum. Individuals from each population and ecomorph 
were maintained separately from one another and fed detritus (ground up fish food) and brine 
shrimp.  
 
Assay of foraging behavior and foraging success 
I used wax worms for food since they represent a novel food source. Spea multiplicata in 
the wild feed on a wide breadth of prey items, from ants to grubs (Castaneda-Gaytan, Garcia-De 
La Pena, Lazcano & Contreras-Balderas, 2006), hence wax worms were deemed an appropriate 
novel food item. I conducted foraging trials on known carnivore and omnivore juvenile toads 
where I tested: (1) the duration of the foraging trial, (2) the amount of time it took for a test 
subject to strike at the first novel food item, (3) the total number of wax worms consumed, (4) 
the average number of strikes or attempts made to capture wax worms throughout the entirety of 
the trial; and (5) the failure rate within each group.  Before beginning each trial, I measured 




toad in an arena with opaque walls and flooring, and allowed it to acclimate for 5 minutes. Toads 
were allowed to move freely during the acclimation period. After acclimating, wax worms were 
introduced to the distal side of the arena opposite to the toad. Toads were allowed to hunt freely 
with no more than three wax worms present at a time. I introduced three wax worms at a time to 
account for activity differences between worms.  Each time a worm was consumed, it was 
immediately replaced until a toad went longer than three minutes without attempting to capture a 
worm. At this time, the trial ended and we counted the number of worms consumed and the 
number of attempts made to capture a worm (successful or not) throughout the trial. Toads who 
did not attempt to consume any worms during the entirety of the allotted three minutes were 
deemed a fail.  
 
Assay of activity and exploratory behavior 
A subset of juvenile toads of each ecomorph type (omnivores N = 63, carnivores N = 77) 
was evaluated for activity levels (scored as total proportion of time spent in motion) and 
exploration of an unfamiliar environment (scored as rate of movement between zones, i.e. the 
number of zone boundaries crossed during the trial period). I measured activity and exploratory 
behavior by conducting “open field trials” in which I placed toads individually in a novel 
environment and tracked their movement. Specifically, I placed each toad in an arena measuring 
13 by 8 inches with opaque walls and flooring. The arena was filled with 6mm of water. Each 
toad was initially placed underneath a cup within the arena and allowed to acclimate. After 5 
minutes, a hidden observer released the toad from the cup and the toad was allowed to move 




Once an animal began to move about the arena, I started an automated motion tracking 
system, the “Tracker” program (Donelson, Kim, Slawson, Vecsey, Huber & Griffith, 2012) to 
track the movement of the animal throughout the arena for a 10 minute observation period. This 
program tracks flies in real time and records small movements at any location in the arena. Toad 
trials were recorded using Logitech C260 webcam that was mounted above the test arena. The 
digital recordings of each trial were used to quantify toad activity and exploration levels. For 
each trial, the measures of exploratory behavior were obtained from the motion tracking data to 
generate measures of exploration and activity behavior in the arena. To do so, I divided the arena 
into equal-sized rectangular zones and calculated the rate of movement among these zones as the 
number of zone boundaries crossed per unit time. At the end of the observation period, I 
removed the toad from the arena and recorded its mass and snout-vent length (SVL; a measure of 
body size). 
Each toad was tested at three times and measurements were averaged across trials to 
account for any temporal differences in internal state. These three measurements were used to 
estimate the repeatability of activity and exploration behaviors. The second trial was conducted 
24 hours after the first trial, and the third was conducted 72 hours after the first trial. I estimated 
repeatability of behavior using the R package ICCest and found that exploratory behavior was 
significantly repeatable within individuals among trials. Therefore, I calculated the average 
(average of all three trials) and maximum exploratory (max of all three trials) score from the 
three trials for each toad and used these measures in all subsequent analyses. Results did not 
differ between average or maximum scores, I report results for the average of the exploratory 






Analyses were conducted using R version 3.5.3. All foraging trial analyses included size 
and condition variables. To perform our analysis, we constructed linear models for the duration 
of the trial, and time to first worm. For the number of worms consumed I used a generalize linear 
model with Poisson distribution. For the number of strikes, I fit a negative binomial distribution 
with an offset for the number of worms consumed. The exploration and the activity models were 




I found carnivores had shorter trials (mean ± se: 587.2 ± 79.2 seconds) than omnivore 
morphs (705.4 ± 116.4 seconds; Morph: F4,51 = 8.076, P = 0.006), after accounting for the 
number of worms consumed (worms: F4,51 = 4.269, P = 0.044). It was necessary to control for the 
number of worms consumed throughout the trial to account for time spent consuming worms 
(and therefore not actively looking for food).  Body size and condition had no effect on trial 
duration (SVL: F4,51 = 3.073, P = 0.086; condition: F4.51 = 0.005, P = 0.943; Table 3.1).  
I estimated how long it took for a toad to strike at its first prey item. Toads who as 
tadpoles were carnivores were significantly faster at approaching their first prey, and this was not 
explained by size or condition differences between the two morphs (C: 31.7 ± 7.7 seconds; O: 
68.1 ± 9.8 seconds; Morph: F3,52 = 7.052, P = 0.010; SVL: F3,52 = 1.141, P = 0.290; condition: 
F3,52 = 2.064, P = 0.157; Table 3.4). These results show that carnivores will detect and approach 




Next, I counted the number of worms consumed. I included size and condition in this 
model to account for larger individuals being able to eat more than smaller individuals. Results 
show that there was no significant difference between the number of worms the two morphs 
were capable of eating (carnivores: 5.47 ± 0.52 worms vs. omnivores: 3.81 ± 0.27 worms; 
Morph: 3,52  = 3.428, P = 0.064). Larger individuals did indeed consume more worms, but 
condition had no effect (SVL: 3,52  = 16.992, P < 0.0001; condition: 3,52 = 0.517, P = 0.472; 
Table 3.2).  
Finally, I looked at the average tries it took an individual to capture a worm. This gave 
me a measure of foraging efficiency, indicating that individuals who took fewer attempts at 
capturing prey expended less energy and reduced their risk to predators when foraging. I again 
included size and condition in the model to account for differences in success between larger and 
smaller individuals, since larger individuals may have a larger gape that allows them to more 
efficiently capture prey. Results indicate that carnivores were more efficient at capturing prey 
(carnivores: 2.42 ± 0.19 strikes/worm vs. omnivores: 3.59 ± 0.43 strikes/worm; Morph: 3,52 = 
12.15, P < 0.001, Figure 3.1B; SVL: 3,52 = 1.411, P = 0.235; condition: 3,52 = 2.861, P = 
0.091; Table 3.3). Fail rate was determined by toads who did not feed or strike at worms during 
the duration of the trial was not significant (2 1,65 :1.379 p=0.2402). 
 
Behavioral assays 
Across trials and tested variables, there was no significant difference between toad size 
and condition, thus, these variables were excluded from all models. Models only included a 
predictor variable of ecomorph type and the response variable of interest (i.e., average proportion 




significant difference in max proportion of the arena explored (i.e., average of the three trials 
conducted measuring the number of zone boundaries crossed throughout the trial) between 
morph types (21,138 = 0.473, P = 0.492). From these trials I was also able to gather information 
about activity levels of individuals, here measured as the amount of time spent moving 
throughout the duration of the trial. This is different from exploration since individuals may 
move often in a small concentrated area, thus exploring little but remaining very active. There 
were again no significant differences in activity levels between ecomorph types (21,138 = 0.001, 
P = 0.982).  
 
Discussion 
I find that foraging behavior is correlated with larval morphotype. Most studies that 
explore foraging carry-over effects focus solely on effects across environments or life stage 
effects (Bouchard, O'Leary, Wargelin, Charbonnier, Warkentin & Moore, 2016; Tarvin, Silva 
Bermúdez, Briggs & Warkentin, 2015). My study specifically finds that (1) foraging behavior 
carries over to juvenile state from distinct larval morphotypes, (2) differences in juvenile size 
and condition sometimes accounts for differences in foraging behavior and (3) exploration and 
activity levels do not differ between juveniles resulting from different larval morphotypes. 
The average number of strikes necessary to capture a single prey item, the time spent 
capturing worms, and how long it took toads to attempt to capture the first food item are best 
explained by the larval morphotype of the individual. Despite juveniles converging on diet, I find 
significant differences between the juvenile toads resulting from distinct larval morphotype as 
tadpoles. This is suggestive of behavioral carry-over between distinct life-stages with stark 




behavioral as well as morphological differences, with carnivorous morphs being more active 
than their omnivorous counterparts. Broadly, juvenile toads that resulted from carnivorous larval 
ecomorphs seem to be primed for a continuation of that active foraging strategy, despite a variety 
of extrinsic changes. Therefore, this behavioral carry-over effect appears to be mediated by 
differences in foraging strategies used at the larval stage, but it is not clear from my data whether 
these behaviors arose as a result of larval polyphenisms, or if differences in foraging behaviors 
evolved first, and were later followed by morphological adaptations (Mayr, 1963; Price, 
Qvarnstrom & Irwin, 2003). Entry into a new niche involves changes in both behavior and 
morphology and there are many examples in which animals respond to unexploited environments 
with immediate behavioral changes (Feinsinger & Swarm, 1982; Morse, 1971), followed later by 
morphological adaptations. Even though I am unable to distinguish which came first, I find that 
even after the context in which novel foraging behavior was relevant, differences still remain that 
could form the basis for life long differences in fitness.  These differences in foraging behaviors 
can have important implications for long-term life history traits. For example, foraging 
inefficiency can result in low condition, which in turn can affect reproductive output and ability 
to survive to the next breeding season. 
Although I find that the size of individuals can influence the number of prey items 
consumed, with larger individuals consuming more, size and condition did not significantly 
explain prey handling traits such as: number of attempts made to capture a prey item, average 
time spent between capturing worms, and how long it took to attempt to capture the first food 
item. A possible explanation is that larger individuals may be able consume more prey items is 
because these individuals have larger jaw gapes, making them capable of consuming a greater 




Interestingly, individual condition, estimated as mass at a given body size did not have any effect 
on any measured aspects of foraging behavior. This is somewhat surprising as other studies have 
shown that larger and better condition individuals are more likely to engage in foraging 
behaviors that are more beneficial to survival (Dingeldein & White, 2016).  
Juvenile toads who developed as carnivore tadpoles are not more exploratory or active 
than juveniles who were omnivorous as tadpoles. Activity level, one of the most well-studied 
personality traits (Bell, Hankison & Laskowski, 2009), has been shown to vary consistently 
within populations of amphibians (Urszan, Torok, Hettyey, Garamszegi & Herczeg, 2015) and 
even across ecological contexts (Sih, Bell & Johnson, 2004). Spadefoot toads may not differ in 
activity levels as tadpoles since rapid sprint speed and rapid growth are likely to be the main 
anti-predator mechanisms available for omnivore and carnivore tadpoles alike (Arendt, 2009). 
More testing is required to evaluate how activity differs at the tadpole stage before establishing 
whether these would indeed carry-over across life stages. Though other studies have found that 
activity level did not correlate with average intake (Tarvin et al., 2015), others have found that 
activity level increased resource consumption (Toscano & Griffen, 2014).  
Here I demonstrate the carry-over effects of adaptive morphotypes across life history 
stages, even after there is convergence in both morphology and general foraging strategy. I find 
that larval ecomorphs are predictive of future activity levels and foraging efficiency as juveniles, 
despite drastic changes in physiology and environment between the two phases. Physiological 
differences that carry-over from larval to juvenile morphs remain to be explored, but may be a 
mechanism through which the carry-over behaviors are mediated. Studying metamorphizing 




evolutionary strategies, highlighting the continued effects of early experience throughout the 
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Factor F-value P-value 
Morph 8.076 0.006 
Worms 4.269 0.044 
SVL 3.073 0.086 
Condition 0.005 0.943 
Table 3.1. Results from trial duration linear model. Bold terms indicate significance. 
Factor  P-value 
Morph 3.428 0.064 
SVL 16.992 <0.001 
Condition 0.517 0.472 
Table 3.2. Results from generalized linear model for the number of worms consumed. Bold term 
indicates significance. 
 
Factor  P-value 
Morph 12.153 <0.001 
SVL 1.465 0.226 
Condition 2.855 0.091 
Table 3.3. Results from generalized linear model for the number of strikes to consume a worm. 
Bold terms indicate significance. 
 
Factor F-value P-value 
Morph 7.052 0.01 
SVL 1.141 0.29 
Condition 2.064 0.157 







PHYSIOLOGICAL BASES OF CARRY-OVER EFFECTS ASSOCIATED WITH 
ALTERNATIVE RESOURCE-USE MORPHS 
 
Introduction 
Resource polymorphisms––the occurrence of alternative morphs that utilize different 
resources (‘ecomorphs’) within a population––are among the most striking examples of 
ecologically relevant phenotypic diversity within species (Liem & Kaufman, 1984; Skúlason, 
Snorrason & Jónsson, 1999; Smith & Skúlason, 1996; West-Eberhard, 1989; Wimberger, 1994). 
Among resource-polyphenic organisms, ecomorphs can differ in life-history traits due to unique 
differences in morphology, behavior, and/or physiology during ontogeny (Burton & Metcalfe, 
2014; Crespi & Warne, 2013; Harrison, Blount, Inger, Norris & Bearhop, 2011; Jablonka, 
Oborny, Molnar, Kisdi, Hofbauer & Czaran, 1995; Tarvin, Silva Bermúdez, Briggs & 
Warkentin, 2015). Physiological adaptations associated with the utilization of different resources 
can likewise lead to differences in the ability to metabolize and accrue resources. Moreover, 
internal energetic resources can impact condition early in development, thus affecting fitness and 
performance at the adult stage (e.g., see Warne & Crespi, 2015); i.e., they might have “carry-
over effects” (sensu O'Connor, Norris, Crossin & Cooke, 2014).  
Despite the potential importance that physiological differences between ecomorphs might 
play in mediating carryover effects, few studies have examined whether ecomorphs differ 
physiologically. Nevertheless, differences in diet can lead to differences in physiology which 




carnivorous diet often have shorter guts compared with those with omnivorous diets (Ledon-
Rettig, Pfennig & Nascone-Yoder, 2008; Wagner, McIntyre, Buels, Gilbert & Michel, 2009). 
Such a difference could have downstream consequences for the fitness of individuals that 
become especially apparent in organisms with complex life cycles consisting of larval and adult 
stages living in two distinct habitats (Relyea & Auld, 2004). If larvae express alternative 
ecomorphs with different diets and physiologies, the consequence of these differences could 
carry over into the adult stage, with possible effects on adult fitness.  
The purpose of my study was to investigate the relationship between the larval 
morphotype and post-metamorphic internal anatomy in the Mexican Spadefoot toad, Spea 
multiplicata, whose tadpoles exhibit a striking resource polymorphism (Bragg, 1965; Martin & 
Pfennig, 2010; Paull, Martin & Pfennig, 2012; Pfennig, 1990; Pomeroy, 1981). Depending on 
their diet, S. multiplicata tadpoles develop into either an ‘omnivore’ ecomorph, which eats 
plants, organic detritus, and small invertebrates, and as a result has a long gut, or a ‘carnivore’ 
ecomorph,  specializes on fairy shrimp and other tadpoles (Pomeroy, 1981) and which expresses 
a suite of unique, complex morphological traits, among which is a short gut (Pfennig, 1992). 
Omnivores are the default morph; carnivores are induced when a young omnivore eats shrimp or 
other tadpoles (Levis, de la Serna Buzon & Pfennig, 2015; Pfennig, 1990; Pomeroy, 1981). 
Given the drastic anatomical differences among the two morphotypes, I set out to evaluate 
whether liver and fat body size differs between them and whether these effects carry-over to 
post-metamorphosis. Both livers and fat bodies are important for energetic resource storage in 
amphibians (e.g. lipids and triacylglycerol in livers: Sheridan & Kao, 1998; fat bodies: Wright, 
Richardson & Bigos, 2011), and measuring their size provides insight into fitness (Chen, Zhang 




To determine how alternative carnivore and omnivore ecomorphs differ in organs 
important for the storage and regulation of energetic resources, I compared size of: 1) abdominal 
fat bodies, which are the principle storage site of long-term lipid reserves (Fitzpatrick, 1976); and 
2) liver, which is the storage site for readily-available (short-term) lipids and carbohydrates 
(glycogen; Duellman & Trueb, 1986). For the latter, I specifically calculated hepatosomatic 
index (HSI), which corrects for differences among individuals in body size; HSI is a widely used 
proxy for the amount of lipid (and glycogen) stored in the liver of vertebrates (Ando, Mori, 
Nakamura & Sugawara, 1993; Chellappa, Huntingford, Strang & Thomson, 1995).  
Any morph-specific differences in energetic reserves have the potential to impact adult 
survival and possibly even fecundity and mating success. Abdominal fat bodies (AFB) are 
fingerlike projections found in the dorsum of amphibians, anterior to the gonads and consist of 
typical adipose tissue (Fitzpatrick, 1976). They are largest just before hibernation and smallest 
after breeding (Duellman & Trueb, 1986). This phenomenon has been linked primarily with 
reproduction (gamete and yolk production, and breeding and brooding activities) (Fitzpatrick, 
1976). For example, because the abdominal fat bodies and the gonads of frogs develop from the 
same tissue (the germinal ridge; Noble, 1931), females with smaller abdominal fat bodies might 
have smaller ovaries and might therefore have reduced fecundity (indeed, fat bodies tend to be 
smallest in females that have just finished spawning, and experimental removal of fat bodies 
results in smaller eggs, indicating that these reserves are essential for egg production; Wells, 
2007, p. 226). Similarly, males with smaller lipid reserves might also have reduced fecundity: 
experimental removal of fat bodies in male frogs results in regression of the testis (Kasinathan, 
Gunasing & Basu, 1978). Moreover, males with smaller lipid reserves generally are less capable 




extravagant/vigorous displays) that females prefer in mates (Andersson, 1994) and might 
therefore have reduced mating success. In toads, calling to attract mates is the most energetically 
expensive activity performed by male anurans during their lifetimes (Wells, 2007, p. 202). 
Energetic constraints, such as those wrought by failing to adequately store energetic reserves, 
can severely limit the ability of individual males to sustain call production for a long period of 
time, which can, in turn, directly affect a male’s mating success (Halliday, 1987; Ryan, 1988). In 
short, physiological differences early in life could have carry-over effects and thereby form the 
basis for trade-offs later in life.  
Although physiological carry-over effects have been documented in amphibians (Alvarez 
& Nicieza, 2002; Bouchard, O'Leary, Wargelin, Charbonnier, Warkentin & Moore, 2016; Scott, 
Casey, Donovan & Lynch, 2007), such effects have not been previously linked to resource 
polyphenisms. Here, I examined how carnivore and omnivore juvenile ecomorphs differ in liver 
and fat body sizes, and, if any differences are still present in sexually mature adult populations. I 
found that ecological specialization leads to differences in organs important for energetic 
resources, and that such differences have carry-over effects that persist to reproductive maturity. 
My results suggest that physiological adaptations could constitute the basis for life history 
differences associated with the utilization of alternative resources. 
 
Materials and methods  
I reared known carnivores and omnivores collected at tadpoles (see Chapter II for details) 
and reared them past metamorphosis. We measured each juvenile’s, snout-vent length (SVL), 
mass, abdominal fat body mass, and liver mass. To measure body, fat body, and liver mass, 




weeks post-metamorphosis and preserved in 95% ethanol. This way I avoided measuring toads 
during the mass-loss period (Tarvin et al., 2015).  
To establish whether the patterns seen in juvenile individuals is maintained to adulthood, 
I sampled S. multiplicata adults from four populations in southeastern Arizona and southwestern 
New Mexico, USA. These populations consistently differed for at least the past 30 years (i.e., 
beyond the maximum lifespan of Spea) in species composition: some populations contained only 
S. multiplicata (allopatry) and some also contained S. bombifrons, a congener of S. multiplicata 
(sympatry). Previous studies had shown that whereas allopatric S. multiplicata produce 
intermediate frequencies of both ecomorphs, sympatric S. multiplicata produce mostly 
omnivores (> 95% of the time) and sympatric S. bombifrons produce mostly omnivores (> 95% 
of the time; this divergence between sympatric species in ecomorph production lessens 
interspecific resource competition; Pfennig & Murphy, 2000; Pfennig & Murphy, 2002; Pfennig 
& Murphy, 2003). Because allopatric S. multiplicata produce both morphs, these individuals 
were therefore likely a mix of former omnivores and carnivores as tadpoles. Because the 
sympatric S. multiplicata produce mostly omnivores, these individuals were therefore likely 
omnivores as tadpoles.  The wild caught adults used died shortly after collection (these 
individuals died from a disease outbreak that decimated most of the adults collected). Using the 
same methods as for the tadpoles, I measured mass, and HSI. 
 
Results 
In juvenile toads, carnivore and omnivore differed in HSI (carnivore HSI mean ± se: 
0.005 ± 0.0005, omnivore HSI mean ± se: 0.004 ± 0.0006; Wilcoxon rank sum test: P = 0.022), 




mean ± se: 0.020 ± 0.0053). Individuals who had larger HSI also had larger fat body mass (F1,37 
= 9.50, P = 0.004). 
I also found that HSI differed among population types of adults in the manner predicted 
by these juvenile and tadpole results. Overall, I found significant differences among the two 
groups of adults in HSI (ANOVA: F1,100 = 26.92, P < 0.001; allopatric HSI mean ± se: 0.005 ± 
0.0003, sympatric HSI mean ± se: 0.003 ± 0.0003; Fig. 4.1). I found that, as predicted, HSI was 
significantly greater among allopatric S. multiplicata (which were likely a mix of carnivores and 
omnivores as tadpoles) than among sympatric S. multiplicata (which were likely omnivores as 
tadpoles). The two populations types did not differ in fat body size (F1,62 = 1.28, P = 0.262). 
 
Discussion 
Resource polymorphisms are common across a wide range of animal taxa (Bernays, 
1986; Denoël, Whiteman & Wissinger, 2006; Smith & Temple, 1982; Trapani, 2003). More 
work is needed, however, to understand their physiological basis (Denoël, Joly & Whiteman, 
2005). This study sought to determine if resource polyphenisms have an underlying 
physiological basis, and if any such differences have carry-over effects. Using polymorphic 
spadefoot toads, S. multiplicata as our model system, I found these morph-specific differences in 
liver size, but not in fat body size were present in juvenile and adult toads. 
The larger livers, but not fat bodies of carnivores versus omnivores presumably reflects 
the former morphs high-nutrient diet. Though fat bodies are the most lipid-rich structure in 
anurans (Brown, 1964), larger livers are also associated with large energetic reserves in many 
taxa (Chellappa et al., 1995; Loumbourdis & Kyriakopoulou-Sklavounou, 1991; Penney & 




dependent on trophic diet (Sardenne, Bodin, Chassot, Amiel, Fouché, Degroote, Hollanda, 
Pethybridge, Lebreton, Guillou & Ménard, 2016), and can be directly related to foraging 
strategies (Pethybridge, Parrish, Bruce, Young & Nichols, 2014), as well as body and energetic 
condition (Leonarduzzi, Rodrigues & Macchi, 2014). In the anuran literature, liver size is 
considered a robust predictor of population dynamics, such as reproductive potential 
(Loumbourdis & Kyriakopoulou-Sklavounou, 1991), and ability to endure hibernation periods 
(Chen et al., 2011; Muir, Costanzo & Lee, 2010; Storey & Storey, 1990). To my knowledge, this 
is the first study to examine differences in liver and fat bodies sizes of carnivore and omnivore 
resource polyphenic individuals within a single species. Future research should seek to examine 
if liver size is indicative of actual differences lipid content.   
Further, I examined recently metamorphosed juveniles and saw toads, who as tadpoles 
were carnivores continue to have significantly larger livers, but not fat bodies, compared with 
toads who once were omnivores. This indicates that differences in the liver initiated at the 
tadpole stage carry-over through metamorphosis. In juveniles, these differences could have 
implications for some important aspects of behavior. Bouchard et al. (2016) for example, found 
that carried over differences of larval liver sizes produced metamorphs that varied widely in 
body condition, and this variation correlated with feeding behavior after emergence from 
mesocosms. Low lipid reserves, as indicated by liver and fat body size, were associated with 
much higher feeding rates during the critical mass loss period (Bouchard et al., 2016; Tarvin et 
al., 2015). This could indeed be the basis of the behavioral effects carried over that were 
described in Chapter III.  
Next, I sought to examine whether it is possible that these patterns continue once 




advantage of the character displacement taking part in regions of sympatry where S. multiplicata 
co-occurs with congener S. bombifrons, since once individuals reach adulthood, it is no longer 
possible to distinguish which resource polymorphism an individual expressed. In sympatry, S. 
multiplicata primarily produces omnivores while S. bombifrons produces carnivores (S. 
multiplicata in allopatry produces both morphs) (Pfennig & Murphy, 2000; Pfennig & Murphy, 
2002). I predicted, if the HSI differences exhibited between tadpole morphs are carried-over into 
adulthood (as seen in the juvenile phase), then the HSI of the sympatric population is expected to 
be smaller than allopatric populations. I see the expected patterns in liver size hold between 
sympatric and allopatric S. multiplicata, but not in fat body size. These results suggest there are 
long lasting physiological carry-over effects to larval polymorphisms.  
Differences in liver sizes may have important implications at the time of reproduction. 
For example, liver contents in males increase more with increasing liver mass than in females 
(Duffitt & Finkler, 2011). Larger males in turn, may be capable of greater levels of activity 
during the breeding season than smaller males (Finkler, Hayes & Rifai, 2014; Howard, 1988; 
Sullivan, 1992).  In addition to elaborating lipids and storing glycogen, the liver is also 
responsible for secreting hormones, synthesizing urea, producing bile, among other things. 
(Duellman & Trueb, 1986). Thus, carried-over differences in liver size may lead to important 
physiological differences between the two morphs. Sufficient lipid reserves is crucial for long 
dormancy periods (van Beurden, 1980), but, arguably equally important is the ability to repress 
metabolic function (Burton, Killen, Armstrong & Metcalfe, 2011).  
In summary, these results provide support that resource polyphenisms affect liver and fat 
body size and further, differences in liver size patterns persist to adulthood.  Although the effects 




(Bouchard et al., 2016; Scott et al., 2007), mine is the first study to such polymorphic carry-over 
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Figure 4.1. Relative liver size as estimated by HSI in wild caught adult populations. Allopatric S. 
multiplicata produce higher numbers of carnivore tadpole morphs than S. multiplicata occurring 





CHAPTER V: CONCLUSIONS 
 
 In my dissertation, I evaluated whether resource polymorphisms at the tadpole stage have 
carry-over effects into the following life stages. I focused my studies on the Spadefoot Toad, 
Spea multiplicata, whose tadpoles exhibit striking polymorphisms based on dietary resource 
early in development (Pfennig, 1990; Pfennig, 1992; Pomeroy, 1981). Interestingly, once these 
resource polymorphic toads metamorphose, they converge on diet and lose all traits that 
distinguish identified the two morphs apart. Therefore, in order to successfully study carry-over 
effects in this organism, longitudinal studies tracking known ecomorphs across life stages are 
necessary. Previous studies have shown that pond duration and pond dietary contents influence 
tadpole age and size at metamorphosis (Pfennig, Mabry & Orange, 1991) and smaller individuals 
are less likely to survive when placed on restricted diets. In Chapter II, I expand on aspects of 
this work and track known omnivores and carnivores from tadpoles, through post-metamorphosis 
to sexual maturity.  I ask whether recent metamorphs differ in size or timing to metamorphosis 
and sexual maturity based on morphotype identity during larval development and/or pond 
condition. The populations sampled differed in hydroperiod. One population experienced a 
single rain event (i.e. short-lasting) while the other pond experienced a second rain event that 
caused the re-expansion of the pond (long-lasting). I found that immediately after 
metamorphosis, toads differed in size and timing. Individuals form the long-lasting pond took 
longer to reach metamorphosis and produced overall smaller metamorphs. Omnivores of the 
longer-lasting pond reached marginally larger sizes post-metamorphosis compared to carnivores. 




size. This is consistent with trade-offs associated with diet specialists (Paull, Martin & Pfennig, 
2012) as carnivores in the long-lasting pond likely suffered from reduced food sources since 
pond volume increased during the second rain. I again measured size when individuals reached 
sexual maturity and this time there were no significant differences in morph type, however, 
populations continued to differ, with the single-rain pond showing the larger individuals. 
Individuals who developed as carnivores from short lasting ponds also reached sexual maturity 
sooner.  
 I next looked at whether foraging behaviors also carry-over between life stages. 
Behaviors that have carry-over effects impact the performance of individuals across life stages. 
In Chapter III I tested how efficient and how many prey items toads were able to consume. Our 
study specifically finds that toads who belonged to either carnivore or omnivore morphotypes as 
tadpoles consistently differed in foraging behavior, meaning behavior carries over to juvenile 
stage. I also find that differences in juvenile size and condition do not account for differences in 
foraging behavior. Additionally, even though activity levels do not differ between juveniles 
resulting from larval morphotypes, their exploratory behavior does. These results together 
indicate that foraging behavior has strong links to larval morphotype. 
 Finally, in Chapter IV I examine whether there are physiological and anatomical 
differences between carnivores and omnivores that persist to sexual maturity. I do this by first 
establishing that carnivore and omnivore tadpoles differ in morphology of their livers and fat 
bodies. Carnivores had more massive livers and fat bodies. This could potentially result from 
differences in resource quality during ontogeny. However, differences in the liver but not in the 
fat bodies set for at the tadpole stage continue to exist past metamorphosis. Once tadpoles 




physiological carry-over effects. In adult wild caught populations, patterns among populations 
producing primarily omnivores as opposed to both are also consistent with physiological carry 
over effects. These physiological carry-overs could potentially be the basis for the life-history 
and behavioral carry-over effects seen in Chapters II and III, but further testing is needed to 
establish that relationship.  
 In conclusion, this dissertation aims to demonstrate that environmental and resource 
polymorphic carry-over effects are acting on spadefoot toads post-metamorphosis and they 
persist to sexual maturity. These carry-over effects could have important implications for 
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